pathological conditions affecting these structures. The US anatomy of the stifle has been described in horses (Hoegaerts et al., 2005) and cattle (Kofler, 1999) . However, it has not been described so far in the sheep. US reference images are lacking and would be useful in research studies.
The objective of the current study was to describe the US anatomy of the ovine stifle and provide reference images that would be useful for veterinarians and researchers.
| MATERIAL S AND ME THODS

| Animals
The hindlimbs of nine Ile-de-France ewes (n = 18), euthanatized for reasons other than musculoskeletal diseases (mastitis), were disarticulated at the coxofemoral joint and collected within 12 hr of death. Sheep were 6-8 years old, weighed 50-85 kg and came from the Sheep Centre of the University of Namur. The experimental protocol (KI 10/148) was approved by the local ethical committee for animal welfare. Limb specimens were moistened, wrapped in gauze, sealed in plastic bags and stored at −20°C. Each limb was identified by a number. For all investigations, limbs were thawed to room temperature, clipped and cleaned.
| Ultrasonography and gross anatomy
Four pairs of limbs (n = 8) were scanned using an ultrasound iU22 machine (Philips, Eindhoven). Acoustic gel was used to improve transmission of US. Relevant scans were identified for optimal Cranial cruciate ligament 11.
Caudal cruciate ligament 12.
Synovial recesses (Vandeweerd et al., 2012) F I G U R E 1 Description of the cranial approach (angle 95°). The examination started in the sagittal plane, proximally to the patella (3) (a). The 17.5 MHz linear transducer was placed longitudinally on the tendon of m. quadriceps (4), and the tendon was scanned from the musculo-tendinous junction to its attachment on the patella. The transducer was then moved further distally (b) to visualize the patellar ligament (5) from its patellar attachment to its tibial attachment. The transducer was then rotated through 90° (c), and moved proximally to scan the patellar ligament and the tendon of m. quadriceps in a transverse plane (d). The infrapatellar fat pad (16c) was identified in sagittal and transverse planes. For key, see Table 1 visualization of anatomical structures of clinical interest: articular surfaces and margins, ligaments, articular capsule, synovial cavity, menisci and their attachments, and tendons. A 17-5 MHz linear transducer was used for all structures except for the cruciate ligaments that were scanned with a 5-1 MHz convex transducer. After scanning, all limbs were dissected, and relevant anatomical structures were identified.
In addition, four other pairs of limbs (n = 8) were frozen in the positions that had been used for scanning. Then, the stifle joints were cut into 3-mm slab sections in sagittal, parasagittal, coronal, transverse and oblique planes. Each gross section was photographed and compared to the corresponding US images for identification of anatomical structures.
One other pair of fresh limbs (n = 2) was used to visualize synovial compartments. Twenty millilitres of water was injected into the femoro-tibial joint with a paraligamentous technique (Vandeweerd et al., 2013) . A 21 G 38 mm (11 ⁄2 in.) needle was inserted along the lateral aspect of the patellar ligament at mid-distance between its distal and proximal insertions. Immediately after injection, the joint was flexed and extended 30 times.
| RE SULTS
Four approaches were tested to image the stifle by US: cranial, medial, lateral and caudal.
The caudal approach was not useful since articular structures could not be visualized accurately due to the presence of thigh muscles. Cranial scans were made with the tibia and femur forming an angle of 95°. An angle of 75° was used to better visualize cruciate ligaments. Medial and lateral scans were obtained with the tibia and femur forming an angle of 95° and of 110° to better straighten collateral ligaments. Table 1 .
| Cranial approach
The examination started with a 17-5 MHz linear transducer in the sagittal plane (Figure 1 F I G U R E 3 Description of the cranio-lateral approach (angle 95°). The transducer was placed on the craniolateral aspect of the joint (a) and moved distally (b), to scan the common tendon of m. peroneus tertius-extensor longus digitorum-extensor digiti III proprius (6) in a sagittal plane, from its femoral attachment, along the extensor groove, to 2 cm below the tibial plateau. Then, the structures were scanned in a transverse plane (c) from distal to proximal (d). The tendon of m. gluteobiceps (7) was also identified. Lateral femoral condyle (1a), lateral tibial plateau (2a), patella (3) F I G U R E 4 Cranio-lateral sagittal (a) and transverse (c) US scans and corresponding gross anatomic sections (b, d) (angle 95°). The black rectangle shows the scanning field. Femur (1), tibia (2), common tendon of m. peroneus tertius-extensor longus digitorum-extensor digiti III proprius (6), tendon of m. gluteobiceps (7) 
| Lateral approach
The lateral aspect of the stifle was evaluated with a linear 17-5 MHz transducer. The transducer was placed parallel to the lateral collateral ligament, the angle between femur and tibia being 110° With the joint in a more flexed position (95°), the tendon of m. popliteus was identified. It was hyperechoic to muscle, fibrillar and lying within the groove in the femoral condyle. This tendon was subject to anisotropy because of its curved course. In injected limbs, the subpopliteus recess was visualized, was anechoic and was of small volume.
| Medial approach
The medial aspect of the stifle was evaluated with a linear 17-5 MHz transducer in coronal and transverse planes similarly to the lateral approach. The medial collateral ligament and its attachments, the middle body of the medial meniscus, the articular margins of the medial femoral condyle and its overlying cartilage, and the abaxial part of the tibial plateau were visualized. The medial collateral ligament was hyperechoic and fibrillar. The medial meniscus was hyperechoic and better visualized than the lateral meniscus (via the lateral approach).
| D ISCUSS I ON
This study demonstrated that US can be used to assess the ovine stifle. The caudal approach was not successful to identify caudal anatomical structures of the joint that might be relevant clinically, such as the caudal aspects of the articular surfaces of the femoral and tibial plateau, the caudal horns of the menisci and the supracondylar synovial recesses. Nevertheless, several other relevant anatomical structures could be identified with cranial, lateral and medial approaches. This is of clinical interest for several pathologies that occur in humans and are the object of research in ovine models.
In the current study, the cranial and middle parts of the ovine menisci could be visualized, and especially well in the medial meniscus. Meniscal tear is a very common disease in humans. Different localizations of such tears within and between the menisci have been described (Beaufils & Pujol, 2018) . Severe meniscal tears cause meniscal extrusion, mainly in the medial meniscus. Posterior tears are more common than middle or anterior tears (Chahla et al., 2016; Oei et al., 2010) . Lesions of the posterior part of the medial meniscus F I G U R E 7 Cranio-sagittal US scans (a) and corresponding gross anatomic section (b) (angle 75°). The black rectangle shows the scanning field. Femur (1), tibia (2), cranial cruciate ligament (10), caudal cruciate ligament (11) (a) (b) F I G U R E 8 Description of the approach to scan synovial recesses (angle 95°). In a cranial approach, the transducer was placed proximally to the patella to identify the suprapatellar recess in a transverse plane (a). Then, it was turned in parasagittal planes to scan the femoro-tibial compartments, laterally and medially (b), and in a transverse plane to image the tendinous recess (c). In a lateral approach (d), the transducer was placed obliquely, in the same plane as the tendon of m. popliteus, to scan the subpopliteus recess. Suprapatellar recess (12a), medial femoro-tibial compartment (12b), lateral femoro-tibial compartment (12c), tendinous recess (12d), subpopliteus recess (12e) are described to occur generally in association with anterior cruciate ligament injuries (Seil et al., 2017) . In humans, US has been reported to be a valid alternative to magnetic resonance imaging in the assessment of meniscal extrusion (Papalia et al., 2017) . Ovine & Bellenger, 2015) and lateral (Beveridge, Shrive, & Frank, 2011) meniscus in the sheep (Little et al., 2010) . The current study suggested that, if US must be used to evaluate the efficacy of a treatment for meniscal tears, in a longitudinal research study using the ovine stifle, the initial lesion should be created in the cranial and middle body of the medial meniscus to optimize visualization. Laterally, menisci are also visible but cannot be assessed as accurately due to presence of the popliteus tendon. The echogenicity of the menisci appears similar to humans.
This study also demonstrated that US was able to identify the abaxial cortical surfaces of the femoral condyles and the abaxial overlying cartilage of the femur. The cartilage of the tibial plateau could not be identified, but the lateral, medial and cranial bony margins of the articular tibial surface could be visualized. In addition, the suprapatellar recess, the medial and lateral femoro-tibial compartments of the synovial cavity, the tendinous recess and the subpopliteus recess could be seen. All these anatomical structures can be useful to observe in an ovine model of induced OA. In sheep, OA is induced by medial (Cake et al., 2013) or lateral (Beveridge, Heard, Brown, Shrive, & Frank, 2014) meniscectomy or injuries to cranial cruciate ligament or medial collateral ligament (Beveridge et al., 2014) . In OA, in humans, US is used to detect joint effusion, synovial hypertrophy and structural changes, including decrease in cartilage thickness, meniscus bulging and osteophyte formation (Oo & Bo, 2010) . The current study indicated that those abnormalities are likely to be detected by US of the ovine stifle.
Cruciate ligament tears are frequent in humans (incidence of 68.6 per 100.000 person-years for the cranial cruciate ligament (Sanders et al., 2016) it can be torn at its tibial or femoral attachments or more commonly through its substance. Isolated caudal cruciate ligament tears are uncommon and are often associated with meniscal tears and future symptomatic OA (Sanders et al., 2017) . Research has been conducted in sheep with induced tears to test regeneration of cranial cruciate ligament, for example, after implantation of cell-seeded scaffold (Teuschl et al., 2016) . Our study showed that the replacement of the linear transducer by a convex transducer made it possible to differentiate the cruciate ligaments, but a thorough examination of these structures by means of US remained difficult and would probably be not efficient in assessing healing in longitudinal trials.
This study also showed that the trochlea can be examined by US and is easily accessible by maximal flexion of the stifle. A trochlear defect repair method by allograft transplant has been described previously in the sheep (Cinque et al., 2017; Kitamura, Yokota, Kurokawa, Gong, & Yasuda, 2016) , and therefore, US could potentially be useful in such studies. The medial and lateral collateral ligaments were also well identified. In humans, the medial collateral ligament is the most common injured ligament in the knee; it is a major stabilizer of the knee joint (Frank et al., 2012) .
In research sheep, damage to the medial collateral ligament can be induced (Beveridge et al., 2014; Funakoshi et al., 2007) , and it is likely that US could be used to follow up healing. The patellar ligament was perfectly visualized in our study. In humans, injuries such as patellar tendinopathy, chronic tendinosis, enthesiopathy or patellar tendon tear or rupture are known (Pengas, Assiotis, Khan, & Spalding, 2016; Schwartz, Watson, & Hutchinson, 2015) .
US was shown to be a good tool to assess the patellar tendon in humans (Miller, 2013) . Again US could be used in the sheep for the follow-up of induced lesions of the patellar ligament. The other tendons are less suited for US monitoring in longitudinal research studies in sheep. Though the quadriceps tendon is well identified by US in humans, it is less well visualized in sheep due to its shortness. The common tendon of m. peroneus tertius-extensor longus digitorum-extensor digiti III proprius is well visualized in sheep but does not exist in humans. Finally, our study showed that the ovine tendon of m. popliteus has a similar aspect as in humans, but is not well identified in its caudal part.
However, it is important to be aware of the limitations to the current study. It was performed in cadaveric limbs. We did not have to contend with animal movements and therefore probably obtained a higher image quality. Sedation or general anaesthesia would probably improve acquisition of images in live subjects.
Furthermore, the posterior aspect of the stifle joint remained inaccessible by US.
In conclusion, US is likely to be an effective tool to monitor several structural changes associated with induced OA, with tears of the medial meniscus, and with injuries to the collateral and patellar ligaments. However, this needs to be assessed in in vivo research studies.
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